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Abstract
Solid-state single-photon emitters (SPEs) such
as the bright, stable, room-temperature de-
fects within hexagonal boron nitride (hBN)
are of increasing interest for quantum infor-
mation science applications. To date, the
atomic and electronic origins of SPEs within
hBN are not well understood, and no stud-
ies have reported photochromism or explored
cross-correlations between hBN SPEs. Here, we
combine irradiation-time dependent measures
of quantum efficiency and microphotolumines-
cence (µPL) spectroscopy with two-color Han-
bury Brown-Twiss interferometry to enable an
investigation of the electronic structure of hBN
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defects. We identify photochromism in a hBN
SPE that exhibits cross-correlations and corre-
lated quantum efficiencies between the emission
of its two zero-phonon lines.
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INTRODUCTION
Solid-state single-photon emitters (SPEs) are
of increasing interest as a source of non-
classical light for quantum computation, quan-
tum communication, and quantum sensing ap-
plications.1–3 Defects in hexagonal boron nitride
(hBN) have emerged as notable SPEs due to
their bright, stable, room-temperature emission
across the visible spectrum.4 Recent advances
in the characterization and control of hBN SPEs
include the characterization of spin states in a
defect ensemble with optical detected magnetic
resonance5 that could be used for quantum mem-
ories.6 They also include charge state initializa-
tion7 that could enable coherent optical control
applications.8 Furthermore, strain localization9
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and strain tuning10,11 could enable the design
of deterministic indistinguishable single photon
sources.
Despite these advances in state preparation,
readout, and process control, and despite sub-
stantial theoretical12–15 and microscopic16 anal-
ysis, the atomic origins and electronic struc-
ture of hBN SPEs is still poorly understood.
To date, defects have been categorized phe-
nomenologically. Initial reports identified group
I and group II hBN SPEs based on the dif-
ference in their electron-phonon coupling.17
More recent research has demonstrated the ex-
istence of four species of hBN emitters span-
ning the visible spectrum with correlated mi-
crophotoluminescence (µPL), cathodolumines-
cence, and nanoscale strain mapping.16 This
research has ruled out monovacancies as SPEs
in hBN, leaving CBVN , NBVN , O2BVN , intersti-
tials (Bi,Oi,Ci) and their complexes as potentials
SPEs. Further research has identified photo-
chemical effects such as bleaching of hBN emit-
ters under 405 nm excitation,18 or activation
of emitters with electron-beam irradiation.19
However, no studies to date have reported pho-
tochromism in hBN SPEs or explored cross-
correlations between hBN SPEs.
Here we use µPL spectroscopy to study the
photostability of defects in few-layer hBN flakes
in air when optically pumped with greater pho-
ton energy than the activation energy for the
photochemical decomposition of hBN. Further,
we characterize the cross-correlations between
zero-phonon lines (ZPLs) that exhibit corre-
lated quantum efficiencies with spectrally re-
solved two-color Hanbury Brown-Twiss (HBT)
interferometry. While we have previously used
two-color HBT interferometry with photo-stable
emitters in hBN under vacuum to verify that the
broad emission bands redshifted 166±0.5 meV
and 326±0.5 meV from the ZPL are optical one-
and two-phonon sidebands respectively,20 the
cross-correlated ZPLs studied in this work have
separation energies 20 meV below the known
optical phonon modes of hBN21,22 and localized
phonon resonances fail to explain the observed
spectrum.15 Combining irradiation-time depen-
dent measures of quantum efficiency and µPL
spectroscopy with two-color HBT interferometry
enables this new investigation of the electronic
structure of hBN defects.
RESULTS AND DISCUSSION
Microphotoluminescence Results - We
investigate defects in three-to-five layer hBN
using the same sample from a previous study.20
Microphotoluminescence spectroscopic data was
collected for each defect using a custom-built
room-temperature confocal microscope. Eleven
defects with ZPLs ranging from 2.15 to 2.9 eV
were observed. The majority of defects mea-
sured were identified as group I emitters with
∼10 meV linewidth ZPLs and one-phonon dou-
blets and two-phonon sidebands 166 and 326
meV redshifted from the ZPL.17,20 Out of these,
seven defects photobleached consistent with pre-
vious µPL studies of defects under oxygen rich
environments.18 Among the defects that photo-
bleached, two ZPLs within a diffraction-limited
confocal volume demonstrated a correlated en-
hancement and quenching in their quantum effi-
ciency under 405 nm excitation. Figure 1a shows
the µPL spectra measured for that site. ZPL1
(2.28 eV) has a one-phonon (PSB11) sideband
166±2 meV red-shifted with respect to ZPL1,
and ZPL2 (2.14 eV) has one-phonon (PSB21)
and two-phonon (PSB22) sidebands 166±2 and
326±2 meV redshifted from ZPL2. In the first
half-hour of irradiation, the quantum efficiency
of ZPL1 and PSB11 increases while ZPL2, PSB21
and PSB22 decrease as seen in Figure 1a-b. The
quantum efficiencies for ZPL1 and ZPL2 and
their corresponding phonon sidebands then equi-
libriate for an hour until ZPL2 is again partially
quenched. Prior to this second quench in ZPL2
the energy difference between ZPL1 and ZPL2
was 139±2 meV; afterwards the energy differ-
ence decreases to 129±2 meV due to a 10 meV
blue shift in ZPL2 as seen in Figure 1c. The
blueshifted ZPL2 and the ZPL1 energies were
found not to undergo any other spectral jumps
and were stable to within the spectral resolution
of the µPL measurements before both ZPL1 and
ZPL2 simultaneously quenched as seen in Figure
1b and Figure S1 in the Supporting Information.
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Figure 1: Laser irradiation-dependent spectroscopy of a single defect pumped with a cw 405 nm
laser. (a) The µPL spectra of ZPL transitions ZPL1 and ZPL2. Here ZPL1 has a one-phonon
sideband (PSB11) 166 meV redshifted from ZPL1, and ZPL2 has one-phonon (PSB21) and two-
phonon sidebands (PSB22) 166 and 326 meV, respectively, redshifted from ZPL2. (b) The relative
quantum efficiencies of ZPL1 (red) and ZPL2 (blue) (normalized to the peak ZPL2 efficiency) show
enhancement and partial quenching within the first half hour of irradiation, respectively. For the
following hour, the quantum efficiencies remain stable, after which ZPL2 undergoes a second partial
quenching. The ZPL1 and ZPL2 quantum efficiencies remain stable for an hour prior to their
simultaneously quenching. (c) The energy difference (black) between ZPL1 and ZPL2 remains
constant until the second partial quenching in ZPL2 occurs leading to a 10 meV spectral jump in
the energy of ZPL2 (blue). Triangles indicate measurements made using filtered singles counts.
Microphotoluminescence Discussion -
These data support the claims that i) ZPL1
and ZPL2 are correlated with one another and
are excited-state transitions of the same defect
or complex and ii) changes in the local crystal
symmetry, the charge state of the defect, or the
mobility of the defect are caused by a photo-
chemical reaction. The stable blueshift in ZPL2
and its simultaneous reduction in quantum
efficiency suggests that the local strain environ-
ment was modified as previously reported in
first-principle studies of carrier recombination
dynamics in hBN defects.23 Previous work by
Shotan et al. has shown that the quantum effi-
ciency of defects in one-to-five layer hBN flakes
are enhanced under 405 nm excitation whereas
only a fraction of defects fluoresce under 532 nm
excitation.18 The difference in absorption of
405 nm versus 532 nm light has been attributed
to the presence of additional excited states that
compete with lower energy transitions. The
same study demonstrated photobleaching of
defects under 405 nm excitation whereas defects
were photostable under 532 nm excitation with
the sample in ambient conditions. These ob-
servations are in agreement with this work and
previous work that has shown a reduction in
fluorescence and photobleaching of visible and
ultraviolet transitions for near surface defects
pumped at energies exceeding the activation
energy for the photochemical decomposition of
hBN of 2.57 eV24 under 99% molecular oxygen
or air while these defects’ µPL are photostable
under vacuum.20,25,26 Correlated cathodolumi-
nescence and µPL studies by Hayee et al. also
identified a class of hBN emitters comparable to
those shown in Fig. 1a that emit at 2.15-2.3 eV,
are formed in strained environments,and are sta-
ble when pumped with 80 keV irradiation while
under vacuum.16 The same report suggested
that the defects may be complexes of O2BVN ,
CBVN , and NBVN or complexes of VN with
interstitial atoms (Bi, Oi, Ci).16 Our findings
provide a strong indication of photochemical
reactions of near-surface defects or hBN lattice
atoms with O2. The defects remained dark after
a month, suggesting that the defect state is
either destroyed by the photochemical process
or pumped into an very long-lived dark state.
Two-Color HBT Interferometry Results
- To test the hypothesis that ZPL1 and ZPL2
are excited-state transitions of the same defect,
we employed two-color HBT interferometry on
3
Figure 2: Two-color Hanbury Brown-Twiss interferometry. (a) Spectral lineshapes each comprising a
ZPL and their corresponding phonon sidebands for ZPL1 and ZPL2 after ZPL2 undergoes a spectral
jump with filters F1 and F2 indicating spectral-bands passed to the HBT interferometer’s arms.
Fits to the ZPL1 (red), ZPL2 (blue) lineshapes and uncorrelated emitters are used to estimate
the probability (zi,z
′
j) that a transition contributes to the µPL (black) collected in each arm. The
lineshapes overlapping with F1 and F2 are labeled by their probability of contributing to the total
intensity in each arm. The inset shows the best fit for ZPL2 at 0 hrs. (b) The auto-correlations
for ZPL1 and (c) ZPL2 are antibunched and (d) the cross-correlations between ZPL1 and ZPL2 are
anticorrelated. The distance of g(2)i (0) from the threshold for single-photon-emission (indicated by
the red horizontal line) exceeds five standard deviations, σ. Here the red-dashed lines are the 5σ
bounds for g(2)i (τ). A proposed energy diagram for the suspected defect complex is presented in (e).
ZPL1 and ZPL2 after ZPL2 spectrally jumped
10 meV. Filters F1 and F2 (illustrated in Fig-
ure 2a) selected the luminescence of ZPL1 and
ZPL2 in each arm of the interferometer. Be-
cause of the presence of additional defects in
the spectrum shown in Fig. 2a, the background
counts in each channel could not be attributed
solely to a Poissonian background. Instead, the
background is modeled as defect emission that
is uncorrelated with ZPL1 and ZPL2. To de-
termine the contribution of each emitter to the
counts in each channel, fits of the lineshapes
corresponding to ZPL1 and ZPL2 and their re-
spective phonon sidebands were made as shown
in Figure 2a. Here ZPL1 and ZPL2 were fit
using a sum of a Lorentzian and Gaussian dis-
tributions centered at their ZPL and phonon-
sideband energies, respectively, as described in
the Supplemental Information. The lineshape
of the ZPL2 emission was assumed to be fixed
irrespective of spectral jumps and so only the
amplitude and peak energy parameters for ZPL2
were left free for all irradiation times. All peaks
attributed to uncorrelated background emission
were fit using the same lineshape function or
with a Gaussian distribution.
The probability zi and zi′ that each emitter
will contribute to the counts on arm one and two,
respectively, of the HBT interferometer is the
overlap of the filter transfer function with the
total emission of the ith emitter divided by the
total emission of all emitters in the filter-band.27
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The measured coincidence counts corresponding
to the auto-correlations for ZPL1 and ZPL2 as
well as the cross-correlation between the ZPL1
and ZPL2 were calculated with this assumption
in mind. The bunching observed in the coin-
cidence counts for |τ | > 0 for both transitions
indicates a shelving state is present in each ZPL
and we interpret these data assuming a three-
level model. The auto-correlations for ZPL1 and
ZPL2 and the cross-correlations between each
are given by
g
(2)
1 (τ) = (z21 + z22 + z23 + z24)g
(2)
ρ1 (τ) (1)
+ 2(z1z2 + z1z3 + z1z4)
+ 2(z2z3 + z2z4 + z3z4),
g
(2)
2 (τ) = (z21′ + z22′)g
(2)
ρ2 (τ) (2)
+ z1′z2′(g(2)21 (τ) + g
(2)
12 (τ)),
g
(2)
21 (τ) = z1z1′g
(2)
ρ21(τ) + z1z2′g
(2)
1 (τ) (3)
+ z2 + z3 + z4,
g
(2)
ρi (τ) = 1− ρ2i [(1 + ai)e−|x−xoi|/τ1i (4)
− aie−|x−xoi|/τ2i ],
where g(2)1 (τ) and g
(2)
2 (τ) are the auto-correlation
functions for ZPL1 and ZPL2, g(2)21 (τ) is the
cross-correlation between the zero-phonon lines,
g
(2)
ρi (τ) is the three-level model for each corre-
lation function with Poisson-background con-
tribution ρi, shelving parameter ai, excited
state lifetime τ1i, and shelving state lifetime
τ2i. A full derivation of the auto- and cross-
correlations can be found in the Supporting
Information. The threshold for single-photon
emission for auto- and cross-correlations is given
by g(2)limit,i = 12(1 + ρ
2
i ai).
The cross-terms for the g(2)1 (τ), g
(2)
2 (τ) and
g
(2)
21 (τ) degrade the single-photon purity of the
emitter while the like-terms dampen the ex-
pected shelving amplitude. Figure 2b-d show
the auto- and cross-correlations as well as best-
fit and corresponding 5σ confidence intervals for
g
(2)
1 (τ), g
(2)
2 (τ) and g
(2)
21 (τ), respectively. It is
clear that the auto- and cross-correlations con-
firm single-photon emission and photochromism
between ZPL1 and ZPL2 as the fit for g(2)i (0) is
at least five standard deviations from the limit
for single-photon emission. The overlap of ZPL1
and ZPL2 leads to additional time dependent
cross-terms terms in the auto-correlation for
ZPL2 (g(2)12 (τ), g
(2)
21 (τ)) and the cross-correlation
between ZPL1 and ZPL2 (g(2)1 (τ)) but their
contribution to the anti-bunching and anti-
correlations are found to be ∼10%. Furthermore
all fits for g(2)1 (τ), g
(2)
2 (τ) and g
(2)
21 (τ) include
cross-terms and thus the background-free cross-
correlation between ZPL1 and ZPL2 and the
respective anti-bunching for each zero-phonon
line would increase the distance [g(2)limit,i−g(2)i (0)].
Additionally, while the defect photobleached
prior to collecting g(2)12 (τ), the large cross-
correlation and single-photon purity remained
consistent with [g(2)limit,i−g(2)i (0)] > 5σ under the
assumptions that g(2)12 (τ) ≈ g(2)21 (τ), g(2)12 (τ) ≈
g
(2)
2 (τ) or leaving all parameters for g
(2)
12 (τ) free
in the fits for g(2)2 (τ). The single-photon pu-
rity for the auto- and cross-correlations are also
invariant whether we assume that the spectral
shape of ZPL2 is the same after its spectral jump
or whether we allow it to be modified as would
be the case if ZPL2’s large emission prior to the
spectral jump was due to an uncorrelated emit-
ter spectrally overlapped with ZPL2; in this case,
we left all spectral parameters free to estimate
the lineshape for ZPL2. Under these different
cases, the coefficient of determination ranged
between 0.88-0.89, substantiating the claim that
these assumptions have no affect on the single-
photon purity of each ZPL or the magnitude of
anti-correlations between ZPL1 and ZPL2.
Two-Color HBT Interferometry Discus-
sion - The auto- and cross-correlation func-
tions and spectra for each emitter presented in
Figures 1 and 2 provide experimental evidence
for multiple excited and shelving states within a
single hBN defect or complex of defects as shown
in Figure 2e. Boron interstitials are potential
candidate defects since they have charge states
within the range of ZPL1 and ZPL2. However,
due to the very low migration energy barriers
(0.5 to 1 eV)28 for the charged states of Bi we
expect Bi to photobleach rapidly in these experi-
ments or to form a complex. Instead we suggest
the ZPL1 and ZPL2 emission may be due to
a complex of defects such as a Bi or VBON
5
with a CBNBVN or OBOBVN . Alternatively,
it is possible that ZPL1 and ZPL2 are associ-
ated with separate emitters in close proximity
to one another such that the electronic dipole-
dipole interaction between emitters results in
the anti-correlations shown in Figure 2d. While
defects have been found to be within 50 nm of
one another16 electronic dipole-dipole interac-
tion strengths at this distance are a negligible
∼10−8 eV. In the limiting case of a separation
distance between emitters of ∼1 nm the inter-
action strength would be ∼3 meV and would at
best weakly couple these emitters. However we
do not observe life-time enhancement relative
to uncorrelated single emitters in our sample20
or in the literature4,17 and therefore reject the
dipole-dipole coupling hypothesis.
SUMMARY AND CONCLUSIONS
In summary, we have observed correlated laser-
irradiation-dependent changes in the quantum
efficiency for two zero-phonon lines that reach
equilibrium before simultaneously quenching in
ambient laboratory conditions. Contrasting this
with the photostability of emitters under vac-
uum suggests the presence of a photochemical
process with oxygen that modifies the defect
or lattice locally consistent with previous work
by Shotan et al.. These zero-phonon lines were
confirmed to be antibunched and anti-correlated
with one another. These cross-correlations
clearly show photochromism between the ZPL1
and ZPL2 transitions, consistent with a similar
study of the charged and neutral NV centers in
diamond.29 These results are therefore strong
evidence that ZPL1 and ZPL2 are excited state
transitions for the same defect or complex. This
first observation of photochromism in hBN de-
fects is an essential step toward improved under-
standing of the atomic origins of these defects.
METHODS
The sample studied in this work was a multi-
layer hBN flake (3-5 layers in thickness) from
Graphene Supermarket. The flake was subse-
quently annealed in a First Nano rapid ther-
mal processor at a temperature of 850oC in 1
Torr N2 with a temperature increase and de-
crease of 5oC/min. For all experiments, a room-
temperature confocal microscope with a 405 nm
diode-laser excitation and a 0.9 NA objective
was used to collect µPL from defects in our sam-
ple. Laser-edge filters and dichroic mirrors were
used to pass only µPL to our spectrometer or
interferometer. For laser-irradiation-dependent
spectroscopy the µPL was passed to a diffrac-
tion grating spectrometer with 2 meV resolution.
For singles counts and two-color HBT interfer-
ometry the µPL was passed to a beamsplitter
with filters F1 and F2 prior to the detectors
corresponding to arm one and two of the HBT
interferometer. The detectors were fiber coupled
using multimode fiber and spatial mode filter-
ing was adjusted using varying fibers diameters
(50-100 µm). Coincidence counts were collected
using a Hyrdaharp 400 and the single photon
detectors used were Perkin Elmer SPCM-AQR.
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